Neuroglobin (Ngb) is a newly discovered vertebrate heme protein that is expressed in the brain and can reversibly bind oxygen. It has been reported that Ngb expression levels increase in response to oxygen deprivation, and that it protects neurons from hypoxia in vitro and in vivo.
INTRODUCTION
Neuroglobin (Ngb) is a recently discovered globin found in the vertebrate brain that has a high affinity for oxygen (1) (2) (3) . Globins are iron porphyrin complex (heme)-containing proteins that bind reversibly to oxygen and as such, play an important role in respiratory function. They have been found in many taxa including bacteria, fungi, plants, and animals (4). The two major globins that have been described in vertebrates are hemoglobin and myoglobin. Hemoglobin (Hb), which consists of four subunits that cooperatively bind oxygen, is present in red blood cells where it is responsible for transporting oxygen from the lungs to the tissues (5) . Myoglobin (Mb) is a monomeric intracellular globin that stores oxygen in muscle tissue and facilitates its diffusion from the periphery of the cell to mitochondria, which use it during oxidative phosphorylation (6) .
Although Ngb shares only 21 to 25 % sequence identity with vertebrate Hb and Mb, it conserves the key amino acid residues that are required for Hb and Mb function (1) . Like Hb and Mb, Ngb can reversibly bind oxygen (1, 7, 8) . The iron atom in the heme prosthetic group of each globin normally exists in either the ferrous (Fe 2+ ) or ferric (Fe 3+ ) state. In the absence of exogenous ligands, the ferric and ferrous forms of Ngb are hexacoordinated with the endogenous protein ligands, distal histidine and proximal histidine (7) (Fig. 1 ). Oxygen (O 2 ) or carbon monoxide (CO) can displace the distal histidine of ferrous Ngb to produce ferrous oxygen-bound Ngb (ferrous-O 2 Ngb) or ferrous carbon monoxide-bound Ngb (ferrous-CO Ngb) (7) . On the other hand, Hb and Mb are normally hexacoordinated in the ferric state, with a water molecule coordinated to iron and pentacoordinated in the ferrous form, leaving the sixth position empty and available for the binding of exogenous ligands such as O 2 and CO.
The mammalian brain accounts for up to 20% of the total oxygen consumption even though it constitutes only 2% of total body weight, and it is the most sensitive organ to the effects of tissue hypoxia (9) . Ngb is widely expressed in the cerebral cortex, hippocampus (CA1, CA2, CA3, by guest on September 1, 2017 http://www.jbc.org/ Downloaded from 5 and CA4, especially in the pyramidal layer), thalamus, hypothalamus, and cerebellum (1, 3, 10) of the rat brain. Recently, it has been suggested that Ngb plays a role in the neuronal response to hypoxia and ischemia (11, 12) . Ngb expression was reported to increase in response to neuronal hypoxia in vitro and focal cerebral ischemia in vivo (11, 12) . Neuronal survival following hypoxia was reduced by inhibiting Ngb expression with an antisense oligodeoxynucleotide and was enhanced by Ngb overexpression, supporting the notion that Ngb protects neurons from hypoxicischemic insults (11) . Moreover, Ngb protected the brain from experimental stroke in vivo (12) .
A possible mechanism by which Ngb protects these neurons is by functioning as an O 2 carrier, facilitating the diffusion of O 2 to the mitochondria within cells that are engaging in active aerobic metabolism, in a manner similar to the way Mb acts in muscle cells. However, Ngb has been estimated to comprise less than 0.01% of the total protein content in the brain (1) . The low concentration (in the micromolar range) of Ngb in brain tissue perhaps argues against its role in storing and carrying significant amounts of O 2 . On the other hand, local concentrations of Ngb may reach sufficiently high levels to allow it to regulate local oxygen consumption (10, 13) .
Finally, though debatable, the affinity of Ngb for oxygen may be so high as to prevent its release under physiological conditions (7, 8) . Thus, the mechanism by which Ngb affords neuroprotection under oxidative stress conditions such as ischemia and reperfusion remains unclear.
The objective of this study was to investigate whether Ngb has novel functions that are related to neuroprotective roles under oxidative stress. Online BLAST searches were performed via the website of the National Center for Biotechnology Information (NCBI) (Conserved 6 (GRK) (Fig. 1) . The protein that most closely resembles Ngb (24 % amino acid identity) is GRK4
( Fig. 1 ). RGS and GRK proteins are modulators of heterotrimeric G proteins (14) (15) (16) (17) .
Heterotrimeric G proteins (G proteins) consist of an α subunit (Gα) with GTPase activity and a βγ dimer (Gβγ), and belong to a family of proteins, whose signal transduction function depends on the binding of guanine nucleotides (18) (19) (20) (21) (22) (23) . Ligand-or signal-activated G protein-coupled receptors (GPCRs) induce GDP release from a Gα subunit, which is followed by the binding of GTP. Binding of GTP to Gα "turns on" the system and causes conformational changes that result in dissociation of the GTP-bound Gα from both the receptor and Gβγ. The GTP-bound Gα and
Gβγ can then regulate the activity of different effector molecules, such as adenylyl cyclase, phospholipase C β , and ion channels. Signal transduction is "turned off" by the intrinsic GTPase activity of the Gα protein, that hydrolyzes the bound GTP to GDP, inducing the reassociation of GDP-bound Gα with Gβγ. The on/off G protein ratio can be regulated by three groups of protein modulators: guanine nucleotide exchange factors (GEFs) which stimulate GDP dissociation and subsequent GTP-binding; guanine nucleotide dissociation inhibitors (GDIs) which inhibit GDP dissociation; and GTPase-activating proteins (GAPs) which enhance GTP hydrolysis (18) (19) (20) (21) (22) (23) .
GPCRs play a role as functional analogues of GEFs (18, 20, 21) . GRKs phosphorylate agonistactivated forms of GPCRs to induce homologous desentsitization of signaling pathways (14, 15) .
RGS proteins act as GAPs for Gα i or Gα o and play a role in desensitization (16, 17) .
In the present study, we examined the possibility of interaction of Ngb with Gα by surface Ferric Ngbs were incubated with 2 mM dithiothreitol (DTT) for 2 h, and then DTT was removed by chromatography using a PD-10 column (Amersham Pharmacia Biotech). Ferrous-CO Ngbs were generated after addition of sodium dithionite and CO gas to the DTT-treated ferric Ngb followed by gel filtration,.
Site-directed mutagenesis
A QuikChange TM site-directed mutagenesis system (Stratagene, La Jolla, CA) was used to alter cysteine residues (amino acid residues 46, 55, and/or 120) in human Ngb. The point mutations were confirmed by DNA sequencing using BigDye Terminator Cycle Sequencing FS (Applied Biosystems) and an ABI 3100 Genetic Analyzer (Applied Biosystems).
Surface plasmon resonance (SPR) experiments
SPR measurements were performed on a BIAcore ® X Instrument (Biacore, Uppsala, Sweden).
Rat myristoylated Gα-subunit (Gα i , Gα i2 , Gα i3 , or Gα o ) was immobilized on the surface of a CM5 sensor chip using an amine coupling kit (Biacore) according to the instructions of the manufacturer. Activation of the carboxymethylated dextran in the CM5 sensor chip was carried out by mixing equal volumes of 400 mM N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide in water and 100 mM hydrochloride/N-hydroxysuccinimide in water, and injecting the mixture into the instrument at 10 µl/min for 7 min. This was followed by the injection of 5 µg/ l of Gα protein dissolved in 10 mM acetate buffer (pH 4.5) over the activated surface of the sensor chip 
GTPγS binding assays
100 nM Gα i1 or Gα o was incubated for 3 min at 25 °C in buffer A (20 mM Tris-HCl, 100 mM NaCl, and 10 mM MgSO 4 at pH 8.0) with 10 µM GDP in the absence or presence of Ngb (5 µM).
Binding assays were initiated with additions of 50 nM [ 35 S]GTPγS (>1000 Ci/mmol). Aliquots 11 cold buffer A and were counted in a liquid scintillation counter (LSC-6100; Aloka, Tokyo, Japan).
The apparent rate constant (k app ) values for the binding reactions were calculated by fitting the data to the following equation: GTPγS binding (%) = 100 % x (1-e -kt ).
GDP dissociation assays
Gα i1 complexed with [ 3 H]GDP (0.3 µM) was prepared by incubating 0.3 µM Gα i1 with 2 µM 
RESULTS

SPR detection of human ferric Ngb binding to Gα
Proteins that interacted with human Ngb were sought by SPR experimentation. SPR is a powerful tool for real time measurement of direct protein-protein interactions that do not require labeling of the proteins. We covalently coupled rat Gα i , which is highly expressed in the brain (18) , to a sensor chip. As positive and negative controls we used Gβγ and Mb, respectively, and Next we investigated the possibility of interaction of ferrous-O 2 Ngb with Gα i . Since ferrous-O 2 Ngb is unstable and is converted into ferric Ngb very rapidly due to its autoxidation (7), stable ferrous-CO Ngb was used for SPR experiments. As shown in Fig. 2B , the binding affinity of ferrous-CO Ngb to Gα i was significantly low (Kd > 1mM) as compared with that of ferric Ngb.
Moreover, further SPR measurements clarified that human ferric Ngb binds to Gα i2 , Gα i3 , and Gα o (Kd = 5.8 x 10 2 , 5.5 x 10 2 and 6.1 x 10 2 nM, respectively), whereas ferrous-CO Ngb does not bind them (Kd > 1 mM).
Ferric Ngb interacts exclusively with the GDP-bound form of Gα
Next we investigated guanine nucleotide dependence of the binding of Gα i1 to Ngb by SPR measurements. As shown in Fig. 2C (Fig. 2C) . Therefore, human ferric Ngb clearly interacts exclusively with the inactive (GDPbound) form of Gα i1 .
Effects of Ngb on GTPγS binding to Gα
Since our SPR data suggested that human ferric Ngb interacts with GDP-bound Gα i1 but not interact with activated GTP-bound Gα i1 , we hypothesized that Ngb may function as a GEF or GDI for Gα i1 . To determine whether ferric Ngb functions as a GEF or a GDI, we performed (Fig. 3A) , implying that ferric Ngb functions as a GDI for Gα i . On the other hand, ferrous-CO Ngb had no effect on the GTPγS binding (k app = 0.078 min -1 ) (Fig.   3A) .
Moreover, ferric Ngb inhibited the rate of GTPγS binding to Gα o by 10-fold, in contrast ferrous-CO Ngb had no effect (k app = 0.040, 0.004, and 0.038 min -1 in the absence and presence of ferric and ferrous-CO Ngb, respectively) (Fig. 3B) . These results imply that ferric Ngb is a GDI for Gα o as well as Gα i .
Ferric Ngb acts as a GDI
We then addressed the mechanism by which human ferric Ngb inhibited GTPγS binding to was inhibited by ferric Ngb (Fig. 4A) . The inhibition of GDP dissociation by ferric Ngb suggests that ferric Ngb diminished the rates of spontaneous GTPγS binding to Gα i and Gα o by blocking the GDP release. In other words, ferric Ngb functions as a GDI for Gα i .
The most representative GDIs for heterotrimeric G proteins share conserved sequence repeats named the G protein regulatory (GPR) (25) or GoLoco motifs (26) . One of the family, Purkinje cell protein-2 (Pcp2), can modulate GDP binding to Gα o and Gα i (27, 28 
Functional analyses of Ngb with an intra-or intermolecular disulfide bond
Cysteine (Cys) residues are particularly sensitive to oxidation by almost all forms of reactive oxygen species during ischemia and reperfusion (30) . Under even mild oxidative conditions, Cys residues are converted to disulfides (31) . Human Ngb has three Cys residues at positions 46, 55, and 120 (Fig. 1 does not have GDI activities, Ngb may act as an oxidative stress-responsive sensor for signal transduction in the brain (Fig. 7 ).
Structure and function of Ngb -the hypoxia-regulated sensor
In this study, we showed that human Ngb, which contains weak homology to RGS domains, functions as a novel GDI in vitro. Human ferric Ngb binds exclusively to the GDP-bound form of Gα i and inhibits GDP/GTP exchange of Gα i . On the other hand, ferrous-CO Ngb did not interact with Gα i and did not have GDI activities. Therefore, it is theorized that the regulation of interaction of Ngb with Gα i is dependent on oxidation/reduction state and ligand binding of Ngb.
Nonsymbiotic plant hemoglobins (nsHbs) have some characteristics that are similar to Ngb including the fact they are both members of a newly discovered class of "hexacoordinated" globins and are expressed at low levels (1, (40) (41) (42) (43) . Hypoxia induces the expression of nsHbs as well as Ngb (44, 45) . While the three-dimensional structure of Ngb has not as yet been determined, that of a nsHb (rice Hb1) has been determined (40) . In the hexacoordinated structure (Fe 3+ ) of rice Hb1, electron density of the Phe B10 in the distal pocket is very low because of substantial disorder, and it has been suggested that the entire CD corner is disordered because of distal His binding to the heme iron (40) . Crystallographic modeling suggests that ligand binding occurs by an upward and outward movement of the E helix, a concomitant dissociation of the distal histidine, a possible repacking of the CD corner and folding of the D helix (40) .
It is tempting to speculate that Ngb undergoes large tertiary structural changes around the CD corner and D helix when its ferrous-O 2 form is converted into bis-His conformation (hemichromogen or hemochromogen), as described for rice Hb1 (40) . Furthermore, it can be speculated that the structural change around the CD corner and D helix triggers changes in affinity for the binding of Gα i if that binding occurs in the CD region and D helix. In fact, in this study we have demonstrated that Ngb double mutant (C55S,C120S) homodimer linked by the intermolecular disulfide bond at Cys 46 -Cys 46 can not function as a GDI, whereas its DTT-reduced monomeric form acts as a GDI, suggesting that the CD corner in which Cys 46 exists is important for protein-protein interaction between ferric Ngb and Gα i1 and is responsible for GDI activities for Gα.
It should also be noted that a disulfide bond between Cys 46 and Cys 55 of Ngb is located at the CD corner and D helix. Therefore, the S-S bond formed during hypoxia may contribute to the stabilization of structures near the CD corner and D helix of oxidized Ngb, which is the active form for signal transduction in the brain, since it has been reported that introduction of a disulfide bond enhances the thermal and conformational stability of proteins (46, 47) . Because Cys 46 is present in human Ngb but is not present in other mammalian Ngbs, human Ngb might have evolved to stabilize the active form during hypoxia.
Novel brain-specific signaling pathway under oxidative stress
It has recently been reported that Gα i and Gα o are direct target proteins of reactive oxygen species generated during ischemia and reperfusion and that they are activated in the absence of GPCR-mediated signaling (48, 49) . Reactive oxygen species modify two cysteine residues of Gα i
and Gα o (49) . Modification of Gα i and Gα o accelerates GDP release from Gα and increases the formation of the GTP-bound form of Gα without receptor activation (48, 49) .
We have shown here that human ferric Ngb, which may be produced under oxidative stress 
